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Local interactions in a Schellman motif dictate interhelical
arrangement in a protein fragment
Muppalla Sukumar and Lila M Gierasch
Background: As an approach to understanding the role of local sequence in
determining protein tertiary structure, we have examined the conformation of a
23-residue peptide fragment corresponding to the structurally conserved
helix–Schellman motif–helix (H–Sm–H) domain (residues 10–32) of cellular
retinoic acid binding protein, along with variants designed to probe the
contributions of the helix-terminating Gly23 and the hydrophobic interactions
between Leu19 and Val24 in stabilizing the Schellman motif and hence helix
termination.
Results: In aqueous solution, NMR data for the H–Sm–H peptide show that it
samples a largely helical conformation with a break in the helix at the point of the
turn in the protein. The data also establish the presence of local hydrophobic
interactions and intramolecular hydrogen bonds characteristic of a Schellman
motif. Absence of helix termination in trifluoroethanol, a solvent known to disrupt
hydrophobic interactions, along with an analysis of H chemical shifts and NOEs
in the variant peptides, suggest a major role for glycine in terminating the helix,
with local hydrophobic interactions further stabilizing the Schellman motif. 
Conclusions: The presence of a Schellman motif in this isolated fragment in
water is governed by local interactions and specifies the interspatial arrangement
of the helices. This observation underlines the structure predictive value of
folding motifs. As proposed for a Schellman motif, helix termination in this
fragment is dictated by the local distribution of polar/apolar residues, which is
reminiscent of the binary code for protein folding.
Introduction
Current understanding of the relationship between amino
acid sequence and protein structure remains limited
despite extensive effort through many decades. Predictive
methods are reasonably successful at the level of sec-
ondary structure [1–3], but much less so for tertiary struc-
ture [4–8], most probably because of the importance of
local interactions as determinants of the former. The role
of local interactions in specifying secondary structure is
well supported by a number of studies of peptide frag-
ments in aqueous solutions [9–15], which have shown that
excised sequences often adopt native-like secondary
structures. However, demonstrations of structure forma-
tion at the level of supersecondary structure are relatively
rare. While the presence of a -hairpin structure has been
shown in a variant of a tendamistat fragment [16] and a
fragment of protein G [17], there have been no reports of
peptide fragments adopting native-like supersecondary
structures involving -helices.
Our understanding of this next level of structure would
be facilitated by studies of fragments that include linker
regions between the secondary structural elements,
where the conformation of the linker may be dominated
by local interactions. To this end, we have examined a 23-
residue peptide fragment of cellular retinoic acid binding
protein I (CRABP I) [18,19] that comprises two helices
and the region linking them. This structural motif is con-
served in this class of proteins [20]. At the N and C
termini of -helices, where the regular mainchain hydro-
gen bonds are broken, ‘capping’ interactions provide
alternative hydrogen bonds and stabilize the helix ends.
Such interactions have been shown to stabilize -helices
in both proteins [21–25] and peptides [25–32]. The inter-
helix segment of the peptide studied here incorporates a
glycine-containing C-terminal helix-capping motif known
as a Schellman motif [33–35]. This motif contains a char-
acteristic distribution of polar/apolar residues that has
been proposed by Aurora et al. [35] to operate as a locally
determined folding code for helix termination. This
peptide fragment thus provides an opportunity to explore
the role of local interactions in guiding the interspatial
relationship of secondary structural units in the formation
of tertiary structure. 
C-terminal helix capping involving a glycine residue
results in either a Schellman motif or an L motif [35]. Fol-
lowing the nomenclature for helices and their C-terminal
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capping residues, …C4-C3-C2-C1-Ccap-C′(Gly)-C′′…, a
Schellman motif is characterized by two hydrogen bonds at
the termination site: a 6→1 hydrogen bond between the
amide of residue C′′ and the carbonyl of residue C3 and a
5→2 hydrogen bond between the amide of glycine and the
carbonyl of C2. In addition, this motif is stabilized by
hydrophobic interactions between the sidechains of C′′
and C3 (or C2 or C4 if C3 is not a hydrophobic residue).
On the other hand, an L motif has a single 5→1 hydrogen
bond between the amide of glycine and the carbonyl of C3
and lacks the hydrophobic interactions that characterize a
Schellman motif. Based on an analysis of helices in protein
structures and extensive peptide modeling, Aurora et al.
[35] have proposed that a glycine selects among three
alternatives, depending on the local sequence, i.e. propa-
gating an -helix or terminating it in either a Schellman
motif or an L motif. They have also proposed simple pre-
dictive rules, based on the location of polar/apolar residues
near glycine, that allow one to determine the stereochemi-
cal outcome of the presence of glycine in a helix. The
break between the first and second helices in CRABP I is
stabilized by a Schellman motif [19] and its presence in
CRABP I is consistent with these predictive rules. A
Schellman motif and an -helix contain the same number
of hydrogen bonds, and Aurora et al. [35] have proposed
that a Schellman motif may lead to termination because of
the characteristic additional hydrophobic interactions
available to it.
The fragment studied here (termed H–Sm–H for
helix–Schellman motif–helix) spans residues 10–32 of
CRABP I and has the sequence Ac-RSSENF15DELLK20-
ALGVN25AMLRK30VA-NH2. In the context of the
protein (Figure 1), residues 15–21 are within the first
helix, the Schellman motif spans residues 19–24 and is sta-
bilized by hydrophobic interactions between Val24 and
Leu19, and residues 26–32 are within the second helix
[19]. Note that the H–Sm–H structural unit of CRABP I
spans residues 15–35. In choosing the H–Sm–H peptide
sequence, we have included five polar residues at the N
terminus and excluded the last three apolar residues to
improve solubility in water. The N terminus is acetylated
and the C terminus amidated to exclude the potential
influence of ionic interactions between the charged
termini on the observed conformation. 
We have undertaken conformational analysis of the
H–Sm–H peptide and its variants for the following
reasons. First, we wanted to examine whether the peptide
forms an independent folding unit, whether the helix-stop
signal is retained in this isolated fragment, and whether it
shows hydrophobic interactions between Leu19 and
Val24, characteristic of the Schellman motif in the native
protein. Second, we compared the conformations of the
H–Sm–H peptide and two of its variants, A23-H–Sm–H
and A19-A24-H–Sm–H, which are designed to explore,
respectively, the relative contributions of the C-terminal
glycine (Gly23) and the hydrophobic interactions between
Leu19 and Val24 in stabilizing the Schellman motif and
hence helix termination. As a further test of the role of the
hydrophobic interactions, we also compared the conforma-
tions of the H–Sm–H peptide in water and trifluo-
roethanol (TFE), a solvent that is known to disrupt
hydrophobic interactions [36–38]. If the termination of the
first helix in a Schellman motif is favored by hydrophobic
interactions, in a non-aqueous solvent like TFE, which
disrupts hydrophobic interactions, the peptide should
favor a straight helix.
Results and discussion
The H–Sm–H peptide fragment adopts a native-like
structure in water
Circular dichroism (CD) measurements indicate that the
H–Sm–H peptide has a significant helix content in water
(Figure 2); it has an estimated -helical content of ∼26%
at pH 4 and 3°C, calculated either from the mean residue
ellipticity at 222 nm (–9132 ± 490 deg cm2 dmol–1) [39–41]
or by curve fitting using the program CONTIN [42,43]. A
completely native structure for this fragment would
contain ∼65% -helix, given that only 15 of the 23
residues of this peptide are helical in CRABP I. Thus, the
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Figure 1
Ribbon diagram of the structure of CRABP I [19]. The H–Sm–H
peptide segment is shown in black. The hydrophobic interaction
between the sidechains of Leu19 and Val24 that characterizes a
Schellman motif is indicated by an arrow. The sequence of the
H–Sm–H peptide is shown at the top.
intrinsic propensity of this peptide to adopt native-like
secondary structure is comparable to that of the well-
studied ribonuclease S and C peptides [44–47]. This is in
contrast to peptides derived from the helical regions of
myohemerythrin which do not show detectable -helicity
in water by CD, although the NMR evidence indicates
the presence of a nascent helix [13].
NMR studies were carried out on the H–Sm–H peptide in
order to locate precisely the helical regions of the confor-
mation(s) populated in water and also to examine whether
the helix-termination signal is retained in this isolated
fragment. To ensure that the H–Sm–H peptide is
monomeric at concentrations used for NMR spectroscopy,
the CD spectra were measured as a function of concentra-
tion between 10 M and 2.0 mM. No significant changes
in the far-UV CD spectra were observed in this concentra-
tion range, suggesting that the peptide is essentially
monomeric under the NMR conditions (1–2 mM peptide).
Table 1 shows the 1H NMR chemical shifts and the amide
proton temperature coefficients in water at pH 4. Figure 3
shows the fingerprint region and the amide region of the
2D NOESY spectrum under the same conditions. Several
sequential amide–amide NOEs characteristic of a helical
conformation [48,49] were detectable for residues 10–13,
16–22 and 23–32 (Figure 3b and Figure 4a). In addition,
several medium-range  (i, i+3) NOEs and an N (i, i+3)
NOE characteristic of an -helical conformation [48,49]
were observed in the segment spanning residues 13–22,
corresponding to the first helix (Figure 4a).  (i, i+3)
NOEs for residues 21–25 are not expected for a native-
like conformation [19] (Table 2) and these NOEs are not
observed. An  (i, i+3) NOE was observed for residue 27
as expected for a helical conformation. The absence of 
(i, i+3) NOEs corresponding to residues 28 and 29 is prob-
ably a result of fraying at the helix terminus, due to the
absence of three residues from the C-terminal region of
this helix in the H–Sm–H peptide. Presence or absence of
several other sequential and medium-range NOEs could
not be established due to resonance overlap. These obser-
vations suggest that the peptide populates helical confor-
mations in regions that are helical in the native protein. 
This conclusion is further supported by an examination of
the conformational shifts, which allow correlation to be
made between the H chemical shifts and the secondary
structure [50–53]. In Figure 5, the conformational shifts
for the H–Sm–H peptide and the corresponding region of
the whole protein are compared. The pattern of chemical
shifts for the H–Sm–H peptide in water (Figure 5a, filled
bars) is similar to the H chemical shifts for this region in
the whole protein (Figure 5b) [54], although the magni-
tudes of shifts from random coil values are substantially
greater in the whole protein. In both the peptide and the
protein, the H resonances show pronounced upfield
shifts for residues 16–20, corresponding to the first helix.
For residues 22–25, which correspond to the turn region of
the native structure, the H chemical shifts are closer to
their random coil values, with Gly23 showing exactly
random coil like behavior. The H chemical shifts for
residues 26–32, corresponding to the second helix, are not
as significantly upfield shifted as those of the first helix,
but generally follow the same trend as in the complete
protein, except for the terminal alanine residue. Taken
together, the NOE and H chemical shift data strongly
suggest that the H–Sm–H peptide adopts a native-like
conformation in aqueous solution with a break in the helix
at the point of the turn in the protein. This is further sup-
ported by the absence in the turn region of several
medium-range NOEs diagnostic of a continuous helix. 
The Schellman motif in CRABP I [19] is characterized
by hydrophobic interactions between the sidechains of
Leu19 and Val24. The presence of a similar interaction in
the peptide fragment is supported by the observation of
NOEs between the sidechain protons of these two
residues and is consistent with a break in the helix in
water (Figure 6). An NOE was observed between the -
methyl of Leu19 and the -methyl of Val24. In addition,
a weaker NOE is observed between the -methyl of
Leu19 and Val24 H. Note that the Leu19–Val24
Research Paper Schellman motif in a small protein fragment Sukumar and Gierasch    213
Figure 2
CD spectra of the H–Sm–H peptide in water and water/TFE mixtures.
The spectra were recorded at pH 4 (uncorrected for solvent effects)
and 3°C. The % TFE (v/v) is indicated alongside the lines of the graph.
The spectra were recorded on a Jasco J-715 spectrometer using a cell
of 1 mm pathlength at a peptide concentration of ∼40 M. The
concentrations of the CD samples were determined by amino acid
analysis and normalized by measuring the OD at 220 nm.
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NOE partially overlaps with the Leu19–Leu22 NOE.
Both of these NOEs are expected in the native Schell-
man motif [19] (see Materials and methods), but only the
latter is expected in a continuous helix. While the Val24
and Val31 overlap significantly, the  protons of these
two residues are separated by ∼20 Hz and could therefore
be distinguished, allowing unambiguous assignment of
the Leu19–Val24 NOE. The presence of this NOE
supports our assignment of the Leu19–Val24 NOE. In
addition, the NOE between Leu19 and Val24 protons
is unambiguously assignable due to the unique chemical
shifts of these two protons. These NOEs were more
clearly observed in 2D NOESY spectra measured in
D2O, which had better signal-to-noise and flatter base
lines, compared to the spectra recorded in 90% H2O. It is
to be emphasized that the NOEs and chemical shifts
observed here reflect the average properties of an ensem-
ble of conformations. Estimated -helicity from CD is
clearly far less than what would be expected for an exclu-
sively native conformation. The trends in H chemical
shifts then represent trends in the distribution of helical
conformations along the sequence that resemble a native
conformation.
In a Schellman motif, the regular 5→1 hydrogen bonding
pattern of -helix is replaced by two new kinds of hydro-
gen bonds at the termination site; for example, in
CRABP I [19], the Schellman motif is characterized by a
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Table 1
1H NMR chemical shifts and amide proton temperature coefficients for the H–Sm–H peptide*.
Chemical shift (ppm) (NH)/T
Residue NH H H H H Others – (ppb/K)
Arg10 8.50 4.32 1.84 1.75 3.18 NH, 7.29 6.4
1.65 Guanidinium, 6.54, 6.97
Ser11 8.69 4.49 3.96 6.6
3.89
Ser12 8.58 4.44 3.95 6.2
3.87
Glu13 8.46 4.26 1.96 2.34 4.0
Asn14 8.47 4.66 2.80 N, 7.04, 7.72 5.1
Phe15 8.44 4.43 3.11 H, 7.26; H, 7.33 3.3
H, 7.33 
Asp16 8.44 4.43 2.79 3.7
Glu17 8.32 4.09 2.13 2.44 5.4
2.51
Leu18 8.11 4.16 1.62 1.62 0.85 5.8
0.90
Leu19 8.04 4.07 1.55 1.55 0.76 3.7
0.84
Lys20 7.98 4.12 1.85 1.51 1.67 H, 2.96; N, 7.64 4.7
Ala21 8.05 4.23 1.46 4.1
Leu22 8.12 4.27 1.8 1.8 0.85 5.3
0.89
Gly23 8.17 3.97, 3.93 4.1
Val24 8.07 4.02 2.07 0.93 5.3
Asn25 8.55 4.64 2.80 N, 7.04, 7.72 6.3
2.85
Ala26 8.31 4.20 1.42 5.5
Met27 8.22 4.40 2.10 2.55 , 2.13 4.2
2.64
Leu28 8.08 4.31 1.67 1.67 0.85 4.5
0.89
Arg29 8.24 4.30 1.77 1.60 3.19 NH, 7.29 6.3
1.83 Guanidinium, 6.54, 6.97
Lys30 8.46 4.34 1.82 1.43 1.69 , 2.99; N, 7.64 6.9
1.77
Val31 8.38 4.11 2.11 0.95 7.3
Ala32 8.21 4.12 1.34 7.9
*Chemical shifts are relative to 3-(trimethylsilyl) proprionate. Conditions are pH 4 and 3°C in 90% H2O + 10% D2O. Temperature coefficients are
based on three measurements at 3, 13 and 23°C and calculated from chemical shifts measured in 2D TOCSY spectra.
6→1 hydrogen bond between residues 24 and 19 and a
5→2 hydrogen bond between residues 23 and 20. We
examined the H–Sm–H peptide for the presence of
similar intramolecular hydrogen bonds by measuring the
temperature coefficients (/T) of amide protons
(Table 1) in the temperature range 3–23°C. Several of the
amide protons in the helical segments, Phe15, Asp16,
Leu19, Lys20, and Ala21, corresponding to the first helix,
and Met27 and Leu28, from the second helix, show rela-
tively lower temperature coefficients than those measured
in random coil peptides [55,56]. Relatively larger coeffi-
cients for residues 29–32 reflect fraying in this region and
are consistent with the absence of medium-range NOEs
in this region. More interestingly, despite the break in the
helix suggested by the H chemical shifts and NOEs, the
amide proton of Gly23 shows one of the lower tempera-
ture coefficients, –4.1 ppb/K, suggesting the presence of
alternative hydrogen bonds characteristic of a Schellman
motif involving this amide group. While the temperature
coefficient of Val24 is somewhat higher (–5.3 ppb/K), it is
still lower than those for the terminal amides and com-
pares favorably with those for residues in the helical
regions.
We also examined the H/D exchange rates of the amide
protons by NMR. At pH 4, exchange was too fast to
discern any potential differences among the various amide
protons. However, at pH 3, where 1H NMR chemical
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Figure 3
Partial 2D NOESY spectra for the H–Sm–H peptide at pH 4 and 3°C.
(a) Fingerprint region. The intraresidue N NOEs are labeled with the
corresponding residue number. The solid line indicates sequential
tracing of N (i, i)→N (i, i+1)→N (i+1, i+1). (b) Amide region. The
solid line traces sequential amide–amide NOEs, which are labeled. 
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Figure 4
Summary of sequential and medium-range NOEs for the H–Sm–H
peptide in (a) water and (b) TFE at pH 4 and 3°C. A filled bar
indicates an observable NOE, with the thickness reflecting the relative
intensity of the NOE cross peaks, which are classified as weak,
medium, strong or very strong in intensity. An empty bar indicates an
NOE whose presence or absence could not be established due to
resonance overlap. A half-filled bar indicates two overlapping NOEs.
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shifts and CD suggest no significant change in the confor-
mation compared to that at pH 4, the exchange was slow
enough to establish qualitative differences in the
exchange rates. Exchange under these conditions was ini-
tiated by dissolving the peptide in a pre-cooled deuterated
acetate buffer in D2O and recording 1D 1H NMR spectra
approximately once every minute. Although qualitative
differences in the exchange rates of different amide
groups were observed, the exchange rates could not be
quantified due to resonance overlap in the 1D spectra. A
2D TOCSY spectrum recorded between ∼1.5 and 6 h after
initiating exchange allowed assignment of NH resonances
retained during this period. Interestingly, cross peaks for
all the residues from Leu18 to Val31, with the exception
of Asn25 and Ala26, could be detected in the fingerprint
region (Figure 7), suggesting that this region is partially
protected from exchange. In particular, the relatively slow
exchange of Gly23 and Val24 amide protons cannot be
explained by primary structure effects on acid-catalyzed
exchange rates [57] and is consistent with intramolecular
hydrogen bonding involving these amides.
Roles of Gly23 and the hydrophobic interactions between
Leu19 and Val24 in stabilizing the Schellman motif
Two variants of the H–Sm–H peptide were examined to
probe the roles of the glycine and the hydrophobic inter-
actions between Leu19 and Val24 in stabilizing the
Schellman motif and helix termination. In the A23-
H–Sm–H peptide, the glycine at position 23 is replaced
by an alanine, while in the A19-A24-H–Sm–H peptide,
the interacting hydrophobic residues Leu19 and Val24
are replaced by alanines. The 1H NMR spectra of these
variant peptides were assigned and compared with the
H–Sm–H peptide. The conformational shifts for the
A23-H–Sm–H peptide are shown in Figure 8a. The H
chemical shifts for this peptide do not show the charac-
teristic break in their pattern seen in the case of the
H–Sm–H peptide (Figure 5a, filled bars), although there
is a gentle ‘bimodal’ shape. Compared to the H–Sm–H
peptide, residues 22–25 show upfield shifts, with the
most pronounced shifts for residues 23 and 24, consistent
with a major change in the conformational distribution in
the turn region. These shifts are similar to the changes
observed for the H–Sm–H peptide upon change of
solvent from water to TFE (Figure 5a, unfilled bars),
which correlate with a detailed NOE analysis supporting
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Figure 5
Conformational shifts [53] for (a) the H–Sm–H peptide in water (filled
bars) and TFE (unfilled bars) and (b) holo-CRABP I in water [54]. The
filled circle in (a) represents a value identical to the random coil value
in water. The filled and open bars for residue 23 in (b) represent the
two  protons of glycine, which have different chemical shifts. The
random coil values are from Wüthrich [49], which are different from
those in the Wishart scale for determining secondary structure [52] for
residues Leu, Ile and Val. Conditions are pH 4 and 3°C for (a); pH 3.8
and 25°C for (b).
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Table 2
Sequential and medium-range interproton distances in the
helix–turn–helix conformation and a modeled continuous helix
(shown in parentheses) of the H–Sm–H peptide. Distances that
are diagnostic of either conformation are shown in bold*.
Residue N NN N (i, i+2) N (i, i+3)  (i, i+3)
Ala21 3.5 2.6 3.7 6.2 7.7
(3.5) (2.6) (4.3) (3.7) (4.0)
Leu22 3.3 2.5 4.8 9.5 10.8–12.0
(3.6) (2.7) (4.6) (4.0) (4.5–5.2)
Gly23 3.4 2.7 6.2 7.9–9.0 9.5–12.0
(3.6) (2.7) (4.4–4.8) (3.5–4.7) (3.0–4.4)
Val24 2.3 4.8 7.2 7.2 8.1
(3.6) (2.7) (4.4) (3.8) (3.5–4.9)
Asn25 2.5 4.7 4.4 4.9 5.1–6.8
(3.5) (2.7) (4.0) (3.7) (3.5)
*The distances in the helix–turn–helix conformation are calculated from
the crystal structure of CRABP I [19] and those in the continuous helix
were measured in a modeled continuous helix where the backbone
dihedrals of four residues in the turn (Leu22–Asn25) are changed to
ideal -helical values (
 = –65°,  = –40°). In addition to the distances
shown here, there are several long-range NOE-detectable distances
that characterize the helix–turn–helix conformation, but are absent in
the continuous helix.
the presence of a continuous helix in TFE (see below).
These observations are also consistent with the estimates
of -helical content for the A23-H–Sm–H and the
H–Sm–H peptides from CD spectroscopy, which show
that the A23-H–Sm–H peptide has ∼15% higher -helic-
ity compared to the H–Sm–H peptide (data not shown).
This significant increase in -helicity is more than that
expected on the basis of amino acid substitution
(Gly→Ala) and is more consistent with a sequence-spe-
cific effect stabilizing a nonhelical conformation in the
H–Sm–H peptide (see below). The NOEs between the
sidechains of Leu19 and Val24, characteristic of a Schell-
man motif, were absent in the A23-H–Sm–H peptide
(data not shown). In addition, the chemical shifts of
sidechain protons for these two residues in the H–Sm–H
and the A23-H–Sm–H peptides show differences consis-
tent with a change in the conformational distribution in
the turn region. Thus, in the H–Sm–H peptide, Leu19,
Leu19, Val24 and Val24 protons are shifted upfield
(0.05, 0.03, 0.04, and 0.1 ppm, respectively) relative to
the A23-H–Sm–H peptide. 
In contrast to the A23-H–Sm–H peptide, the H chemical
shift pattern of the A19-A24-H–Sm–H peptide (Figure 8b)
remains largely unaltered in relation to the H–Sm–H
peptide. The H chemical shifts for the A19-A24-
H–Sm–H peptide are very similar to the H–Sm–H
peptide, except for small downfield shifts for residues in
the first helix (0.04–0.09 ppm). Thus, the H chemical
shifts observed for both the H–Sm–H and the A19-A24-
H–Sm–H peptides in the turn region reflect greater sam-
pling of conformational space due to the presence of
glycine. These observations, together with the absence of
helix termination in the A23-H–Sm–H peptide, suggest a
dominant role for Gly23 in the truncation of the helix. This
is consistent with the fact that glycine in a Schellman motif
always adopts a left-hand conformation (with mean 
 and
 values of 80 ± 7° and 23 ± 16°) that is sparsely populated
by L amino acids [33,35].
Despite the apparent truncation of the helix suggested by
the pattern of H chemical shifts in the A19-A24-
H–Sm–H peptide, several observations suggest the lack of
a distinct structure in the turn region for this peptide. No
NOEs were detectable between the methyl groups of
Ala19 and Ala24. These resonances are separated by
0.04 ppm and the absence of an NOE between them
could be verified by examining columns through the 2D
NOESY spectrum in D2O, which gave better signal-to-
noise and flatter base lines, compared to the spectra in
90% H2O + 10% D2O. In addition, no NOEs were
observed between the Ala24 H and the Ala19 sidechain
protons. Thus, there is no evidence for spatial proximity of
Ala19 and Ala24. Furthermore, for the A19-A24-H–Sm–H
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Figure 6
Partial symmetrized 2D NOESY spectrum for the H–Sm–H peptide in
water at pH 4 and 3°C showing the NOEs between the sidechain
protons of Leu19 and Val24. The NOE labeled as Leu19–Val24 at
0.76/0.93 ppm partially overlaps with Leu19–Leu22 NOE at
0.76/0.89 ppm. The spectrum was recorded in D2O with 10 mM
deuterated acetate, with a mixing time of 300 ms. All the NOEs
between Leu19 and Val24 that are labeled were also observed at a
mixing time of 150 ms. 
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Figure 7
The fingerprint region of the 2D 1H TOCSY spectrum of the H–Sm–H
peptide, recorded between ~1.5 and 6 h after initiating H/D exchange
in D2O at pH 3. The cross peaks are labeled. 
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peptide, the two diastereotopic  protons of Asn25 have
indistinguishable chemical shifts, while in the H–Sm–H
peptide they have different chemical shifts (2.79 and
2.84 ppm) indicative of distinct chemical environments for
these two protons. These observations suggest that there
is not a specific folding back of the two helices in the A19-
A24-H–Sm–H peptide. This result argues that the
hydrophobic interactions between Leu19 and Val24 in the
H–Sm–H peptide contribute to stabilizing local structure
in the turn region. As a further test of the role of these
hydrophobic interactions in stabilizing the helix termina-
tion, we examined the influence of TFE on the conforma-
tion of the H–Sm–H peptide.
TFE favors a continuous helix in the H–Sm–H peptide
Addition of TFE to aqueous solutions of peptides has
been shown to stabilize -helix in proportion to their
intrinsic -helical propensity [58,59]. Although the
precise mechanism by which TFE induces -helical con-
formation is unknown, TFE titration has been used as a
qualitative probe for the inherent tendency of a
sequence to adopt an -helical conformation. Recent
studies with model peptides have demonstrated the
validity of TFE titration as a tool for extracting quantita-
tive helix-coil equilibrium constants for peptides [60]. In
the CD spectra of the H–Sm–H peptide, measured as a
function of increasing amounts of TFE at pH 4 and 3°C
(Figure 2), the -helicity increases steadily and reaches
∼84% at 40% TFE (v/v; 14.1 mol%) and close to 90%
helicity in pure TFE. This behavior has been observed
for peptides derived from -helical regions of proteins
studied previously by us [26] and others [13] and may be
interpreted as due to the stabilization of native-like sec-
ondary structure by TFE. In marked contrast to the
H–Sm–H peptide, peptides derived from the -sheet
regions of CRABP I show a very different behavior (data
not shown). We have examined the CD spectra of two
CRABP I peptides, STRAND1 (residues 1–13, -
strand 1) and STRAND2 (residues 37–48, -strand 2).
These peptides have <10% -helix in water and addition
of TFE does not increase the -helicity substantially; at
50% TFE, the -helicity is ∼20% for STRAND1 and
remains at ∼10% for STRAND2.
The conformation of the H–Sm–H peptide in TFE was
examined and compared to that in water to further
examine the role of hydrophobic interactions between
Leu19 and Val24 sidechains in stabilizing the Schellman
motif in water. By disrupting hydrophobic interactions
[36–38], TFE is expected to destabilize the Schellman
motif and thereby favor a continuous helix in the
H–Sm–H peptide. It is conceivable that in addition to per-
turbing the hydrophobic effect, TFE might enhance the
strength of intramolecular hydrogen bonds or other elec-
trostatic interactions, relative to water, due to its low
dielectric constant [61]. In this particular case, however, a
Schellman motif and the continuous helix would have the
same number of hydrogen bonds of comparable strengths
(the hydrogen bonds in the Schellman motif have close to
average N-H–O distances and NHO angles in the crystal
structure of CRABP I [19]). Also, a continuous helical con-
formation for the H–Sm–H peptide is not expected to
have any additional electrostatic interactions compared to
a Schellman motif. Thus, if TFE favors a continuous
helix, as opposed to a Schellman motif, it is reasonable to
interpret the result as due to its inability to support
hydrophobic interactions.
Indeed, NOE data show that, in contrast to the conforma-
tion in water, the peptide forms a continuous helix in
TFE. Supporting this, an uninterrupted stretch of
amide–amide (i, i+1) NOEs and almost all of the expected
N (i, i+3) NOEs and  (i, i+3) NOEs are observed in
the segment spanning residues 13–32 (Figure 4b) [49].
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Figure 8
Conformational shifts [53] for (a) the A23-H–Sm–H peptide in water
(black bars) and (b) the A19-A24-H–Sm–H peptide in water (black
bars). Conformational shifts for the H–Sm–H peptide are shown as
filled gray bars in both (a) and (b) for comparison. Conditions are pH 4
and 3°C for all three peptides. The filled circles in (a) and (b) represent
values identical to random coil values for the H–Sm–H peptide.
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
∆δ
 (p
pm
)
(a)
(b)
0.2
0.0
–0.1
–0.2
–0.3
–0.4
–0.5
–0.6
∆δ
 (p
pm
)
0.2
0.0
–0.1
–0.2
–0.3
–0.4
–0.5
–0.6
Residue number
Residue number
Further evidence for a continuous helix is provided by the
conformational shifts [50–53] (Figure 5a). Compared to
water, TFE induces further upfield shifts of H reso-
nances, consistent with the stabilization of the helices.
More importantly, the H resonances of residues 22–25 in
the turn are shifted upfield relative to their random coil
values, with most pronounced shifts for residues 24 and
25, compared to water. 
The NOE data in water and TFE were further examined
with a view to delineate whether or not they are consis-
tent with interproton distances expected of a
helix–turn–helix conformation or a continuous helix
without a break. Table 2 lists sequential and medium-
range NOEs that are diagnostic of a helix–turn–helix con-
formation and a continuous helix. The distances in the
helix–turn–helix conformation are calculated from the
crystal structure of CRABP I [19] and those in the contin-
uous helix were measured in a modeled continuous helix
where the backbone dihedrals of four residues in the turn
(Leu22–Asn25) are changed to ideal -helical values (

= –65°,  = –40°).
Consistent with the presence of a continuous helix in
TFE is the observation of medium-range 21–24N,
24–27N, 25–28N, 21–24, 22–25, 24–27 and
25–28, NOEs (Figure 4b). The corresponding inter-
proton distances in a helix–turn–helix conformation are
too long to be observed. These NOEs are clearly absent
in water, consistent with a break in the helix in this
solvent (Figure 4a). The relative intensities of N and
NN NOEs between residues 24 and 25 in water and
TFE also support a continuous helix in TFE and a break
in the helix in water; the 24–25N NOE is approxi-
mately three times as intense as the 24N–25N NOE in
water (consistent with the distances of 2.5 and 4.7 Å,
respectively, in the helix–turn–helix conformation). The
reverse is true in TFE, where the 24N–25N NOE is
approximately twice as intense as the 24–25N NOE
(consistent with the distances of 2.7 and 3.5 Å, respec-
tively, for a continuous helix). Note that the sequential
24N–25N distance in the crystal structure is too long
(4.7 Å) to be NOE detectable and its presence in water
suggests population of other conformations as well. Inter-
estingly, the 24N–25N NOE was also detectable in the
complete protein [54]. In addition to these NOEs,
several other long-range NOEs would be expected for a
helix–turn–helix conformation, but the presence of these
in water could not be unambiguously established
because of resonance overlap. Thus, the NOE and chem-
ical shift data in water and TFE support a major confor-
mational change in the turn region of the peptide on
going from water to TFE (Figure 9). Furthermore, the
NOEs between the sidechains of Leu19 and Val24 char-
acterizing the hydrophobic interactions in the Schellman
motif are absent in TFE.
Thus, CD and NOE data show that TFE induces a
general strengthening of the helix in the H–Sm–H
peptide. This is consistent with the well-documented
effects of TFE on peptide helicity and supports the intrin-
sic propensity of the H–Sm–H peptide to adopt -helical
conformation. But more importantly, the absence of helix
termination in TFE lends support to the hypothesis that
in addition to the presence of glycine, the hydrophobic
interaction between Leu19 and Val24 is an important
factor in stabilizing the Schellman motif over the straight
helix. The effect of TFE on the helix-stop signal in the
ribonuclease S-peptide has been studied previously [58].
Unlike the Schellman motif, where hydrophobic interac-
tions appear to be important in helix termination, the
helix-stop signal in the S-peptide is based on hydrogen
bonding between the backbone and the capping residues
[62]. Accordingly, in the S-peptide, NMR data indicated
that the helix-stop signal persists in TFE. It is interesting
to note that the H chemical shifts and NOEs suggest
that the N-terminal five residues of the H–Sm–H peptide
that correspond to the -region of the native protein
remain relatively unstructured both in water and TFE.
The initiation of the first helix at residue 15 coincides
with a potential N-capping interaction between the
sidechain of Asn14 and the carbonyl of Glu17. 
In summary, the NOE and chemical shift data on the
H–Sm–H peptide in water strongly support a break in the
helix where the turn occurs in the protein. The presence
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Figure 9
Schematic representation of the differences in conformational
distribution observed for the H–Sm–H peptide in water and TFE.
H chemical shifts and NOE data are consistent with a major
conformational change in the turn region on going from water to TFE.
Terminal residues and some residues in the turn region are labeled.
Note that this schematic is not meant to suggest that these are the
precise conformations or exclusively the conformations observed for
the H–Sm–H peptide in these solvents.
of hydrophobic interactions characteristic of a Schellman
motif in this peptide is indicated by the NOEs between
the sidechain protons of Leu19 and Val24. The 1H chemi-
cal shifts of some of the sidechains near the Schellman
motif further support a distinct structure in this segment.
The retention of the distinct pattern of H chemical shifts
in the A19-A24-H–Sm–H peptide and its absence in the
A23-H–Sm–H peptide suggest a dominant role for glycine
in terminating the helix. The importance of hydrophobic
interactions between Leu19 and Val24 in further stabiliz-
ing this helix termination is reflected in the differences
between the H–Sm–H peptide and the A19-A24-
H–Sm–H peptide, with the NMR evidence suggesting a
well-defined structure in the turn region in the H–Sm–H
peptide and the absence of spatial proximity of Ala19 and
Ala24 residues in A19-A24-H–Sm–H. The importance of
hydrophobic interactions in stabilizing the Schellman
motif is further supported by the absence of helix termina-
tion in TFE. 
Viguera and Serrano [63] recently studied polyalanine-
based peptides containing the sequence pattern character-
istic of a Schellman motif in order to assess the influence
of hydrophobic interactions on -helix stability and in the
formation of a Schellman motif. In these model peptides,
which terminate in a Schellman motif followed by two
glycines, they found that the Schellman motif is not popu-
lated to a large extent in aqueous solution and does not
contribute significantly to -helix stability. In 30% (v/v)
TFE, however, they observed NOEs corresponding to the
hydrophobic interactions in a Schellman motif, presum-
ably due to stronger hydrogen bonds in this medium.
Blanco and Serrano [64] have also observed similar (i, i+5)
interactions in a peptide fragment corresponding to the
helical region of protein G in 30% TFE. However, this
peptide was predominantly unstructured in water. 
Recently, Rohl et al. [41] have published revised scales
for helix propagation and N-cap propensities for amino
acids in water along with propensities in 40% (v/v) TFE.
The revised propensities were a result of incorporating
redefined capping statistical weights and evaluating the
helix nucleation constant with N-capping explicitly
included in the helix-coil model. We calculated the pre-
dicted -helicity for the H–Sm–H and the A23-H–Sm–H
peptides based on these revised scales and compared
them to the observed -helicity. For these comparisons,
observed -helicity was calculated using the same refer-
ence values used by Rohl et al. [41]. We find that the
observed helicity (26 ± 2%) is significantly less than the
predicted value (38%) for the H–Sm–H peptide. In con-
trast, for the A23-H–Sm–H peptide the observed helicity
(46 ± 4%) is slightly higher than the predicted helicity
(41%). These observations are consistent with some
‘sequence-specific’ effect that stabilizes helix truncation
in the H–Sm–H peptide, but not in the A23-H–Sm–H
peptide. We also compared the observed and predicted
helicities for the H–Sm–H and the A23-H–Sm–H pep-
tides in 40% TFE. We find that for these peptides, 40%
TFE drives helix formation far beyond what is predicted.
Thus, the observed and predicted values in 40% TFE
are 84 ± 9% and 54%, respectively, for the H–Sm–H
peptide; 107 ± 10% and 57%, respectively, for the A23-
H–Sm–H peptide. The large differences between the
observed and predicted values may arise from the fact
that we are examining a significantly longer peptide than
those used to generate propagation parameters. In any
case, we cannot readily draw conclusions, based on CD
data, about the stabilization of truncation or the absence
of it in this medium. 
The observation of a break in the distribution of helical
conformation is unusual in small peptides and is contrary
to the predictions of helix-coil theories [65,66]. Because of
the large entropic penalty associated with nucleating a
helical structure, the probability of a single helix being
propagated in a small molecule is always larger than that of
a second helix forming. It is likely that consolidation of
structure in a Schellman motif helps overcome the penalty
to nucleate helical segments on either side of it.
Supersecondary structures consisting of -helices and -
strands such as ,  and  occur repeatedly in pro-
teins [67]. Prediction of secondary structure alone still
leaves many possibilities for their tertiary arrangement.
The presence of the Schellman motif in the H–Sm–H
peptide restricts the possible arrangements of the -
helical segments. Therefore, such locally determined
folding motifs have great potential in the prediction of
supersecondary structure from amino acid sequence [4–8].
The helix termination stabilized by the Schellman motif is
dictated by a characteristic pattern of polar/apolar residues
(apolar residues at the C′′ and C3 positions corresponding
to Leu19 and Val24 in H–Sm–H and a polar residue or
alanine at the C1 position corresponding to Ala21) and
thus bears upon theories of a binary code for protein
folding [68–70], although such patterning in the H–Sm–H
peptide appears to operate locally. The presence of
native-like structure in this isolated short peptide suggests
that this sequence may form an autonomous folding unit.
Preliminary NMR experiments which followed the com-
petition between folding and amide-H/D exchange in
CRABP I suggest that the N-terminal helix in the
H–Sm–H domain forms early in the folding pathway
(J Rizo, ZP Liu and LM Gierasch, unpublished data).
However, it has been shown recently that a helix-less
variant of intestinal fatty acid binding protein, which is
structurally homologous to CRABP I, folds into a stable
protein that shows a reversible and cooperative
folding/unfolding transition [71]. Thus, it is not clear what
role the autonomous H–Sm–H domain plays in the folding
of the native protein.
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Materials and methods
Peptide synthesis and purification 
The peptides were synthesized by standard solid-phase procedures
using a Milligen 9050 peptide synthesizer, purified to homogeneity by
preparative high performance liquid chromatography (HPLC) on
reverse phase Vydac C18 column (280 mm × 20 mm) using an ace-
tonitrile/water gradient (25–55% acetonitrile in 30 min), and character-
ized by amino acid analysis and NMR spectroscopy.
CD spectroscopy
CD spectra were recorded on an Aviv Model 62DS or a Jasco J-715
spectropolarimeter equipped with a Jasco PTC-348WI temperature
control unit. For TFE titration experiments a cell of 1 mm pathlength was
used at a peptide concentration of ∼40 M. The measurements were
done at pH 4 (uncorrected for solvent effects) and 3°C. The concentra-
tions of the CD samples were determined by amino acid analysis and
normalized by measuring the OD at 220 nm. Data collected every nm for
3 s were averaged over three scans and base-line subtracted. Estimates
of secondary structure were obtained either by using the program
CONTIN [42,43] or from the mean residue ellipticity at 220 nm [39–41].
NMR spectroscopy
All the NMR data were acquired either on a Varian VXR500 or a Bruker
AMX500 spectrometer operating at a 1H frequency of 500 MHz. All the
data were obtained at pH 4 and 3°C on 1–2 mM samples in either water
with 10% D2O to serve as a lock signal or 100% TFE-d2 or 100% D2O
in a total sample volume of 0.7 ml. The peptides are expected to be
monomeric under these conditions as judged by the concentration inde-
pendence of CD spectra between 10 M and 2 mM. Chemical shifts
were measured relative to 3-(trimethylsilyl) propionate (TMSP) as an inter-
nal standard. Data processing was done on a Silicon Graphics INDIGO2
workstation using the program Felix (Biosym Technologies Inc). All the
spectra were acquired in phase-sensitive mode with quadrature detec-
tion. 2D NOESY [72] and TOCSY [73] spectra were acquired with a
spectral width of 6000 Hz in both dimensions and mixing times of 150 or
300 ms and 75 ms, respectively. The water signal was suppressed by low
power presaturation. A WALTZ17 [74] mixing sequence was used for
TOCSY experiments with the introduction of two delays before and after
the 180° pulse for the suppression of cross relaxation (CLEAN-TOCSY)
[75]. Two × 256 FIDs, each with 1024 complex points, were acquired
with 128 or 32 scans per FID for NOESY and TOCSY spectra, respec-
tively. A zero-order baseline correction was applied after Fourier transfor-
mation of the t2 dimension, and linear prediction of the first point of each
FID was used to obtain flat base planes. Data were apodized using
Gaussian or shifted sine-bell functions. Zero filling and Fourier transforma-
tion in t1 and t2 dimensions yielded matrices of 1k × 1k real points. For
H/D exchange experiments, the peptide was dissolved in a pre-cooled
acetate-d4 buffer (10 mM, pH 3) in D2O and the exchange was moni-
tored by collecting 1D 1H NMR spectra once approximately every minute
(16 scans). After about 90 min, a 2D TOCSY spectrum was recorded
over a period of ∼4.5 h. The proton NMR spectra were assigned using the
well-established sequential assignment procedure [49].
Interproton distances
In order to aid in the interpretation of NOE data as characterizing a
straight helix or a helix–turn–helix structure, we identified the NOEs that
would be unique to either structure. This was done by measuring the
interproton distances in the helix–turn–helix segment in the crystal struc-
ture of CRABP I [19] or in a modeled straight helix obtained by chang-
ing the backbone dihedrals of the residues in the turn region to those
corresponding to an ideal -helix (
 = –65°,  = –40°). This modeling
was done using the program InsightII (Biosym Technologies Inc).
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